Abstract. We report that human lung cancer cell lines express functional receptors for pituitary sex hormones (SexHs) and respond to stimulation by follicle-stimulating hormone (FSH), luteinizing hormone (LH), and prolactin (PRL). Expression of these receptors has also been confirmed in patient lung cancer samples at the mRNA level. Stimulation of human lung cancer cell lines with FSH, LH, or PRL stimulated migration and chemotaxis, and some cell lines responded by enhanced proliferation. Moreover, priming of human lung cancer cells by exposing them to pituitary SexHs resulted in enhanced seeding efficiency of injected human lung cancer cells into bone marrow, liver, and lungs in an immunodeficient mouse model. The chemotaxis of lung cancer cell lines corresponded with the activity of heme oxygenase-1 (HO-1), as stimulation of these cells by FSH, LH, and PRL downregulated its expression in a p38 MAPK-dependent manner. Moreover, while downregulation of HO-1 by the small-molecule inhibitor tin protoporphyrin (SnPP) promoted migration, upregulation of HO-1 by the small-molecule activator cobalt protoporphyrin (CoPP) showed the opposite effect. Based on this finding, we propose that pituitary SexHs play a significant role in the pathogenesis of lung cancer, particularly when the blood level of FSH increases due to gonadal dysfunction with advanced age. Finally, we propose that upregulation of HO-1 expression by a small-molecule activator may be effective in controlling SexH-induced cell migration in lung cancer.
Introduction
Evidence has accumulated that sex hormones (SexHs) play a role in the development and progression of several malignancies arising in the gonads (1), urogenital tract (2-4), breast (5) , skeletal muscles (6) and hemato/lymphohematopoietic tissues (7) . Gonadal SexHs, and in particular pituitary SexHs such as follicle-stimulating hormone (FSH), luteinizing hormone (LH), and prolactin (PRL), are potent mitogens, and their enhanced level in peripheral blood (PB) is associated with prostate, colon, and lung cancer (8) (9) (10) (11) . Based on this evidence, we became interested in the potential role of pituitary SexHs in lung carcinoma and employed four non-small cell lung cancer (NSCLC) cell lines (A549, HTB177, HTB183, and CRL5803) and two small cell lung cancer (SCLC) cell lines (CRL2062 and CRL5853) to investigate this possible linkage. We also studied tissue samples from lung cancer patients. An additional reason to pursue this question is the fact that the level of FSH increases with age as a result of aging and gradual dysfunction of the gonads (12, 13) . This increase could be linked to an increase in certain malignancies, including lung cancer, in the aged population (14) .
Lung cancer is the number one cause of cancer-related deaths in industrialized countries (15) and is expected to cause ~200,000 and ~350,000 deaths yearly, respectively, in the United States and European Union alone. These statistics are undoubtedly related to the prevalence of cigarette smoking and air pollution (16) . The four major histological types of bronchial carcinoma are squamous cell carcinoma, adenocarcinoma, large cell undifferentiated carcinoma, and small cell carcinoma, and the first three can be grouped in the category termed NSCLC to distinguish them from SCLC. SCLC is more common in men than in women and is strongly associated with cigarette smoking (17) and, in contrast to NSCLC, is derived from the neuroendocrine cells of the lung, which are characterized by the expression of neuron-specific enolase, neurosecretory granules, and neurofilaments and the ability to secrete a host of polypeptide hormones (18, 19) . These tumors
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are composed of small, dark, round-to-oval, lymphocyte-like cells (albeit larger than lymphocytes) that have scant cytoplasm and hyperchromatic nuclei (20) . SCLCs are rapidly growing lesions that tend to infiltrate widely and metastasize early in the course of the disease and therefore are rarely resectable. Migration and metastasis of cancer cells is orchestrated by several signaling pathways involved in the change of cell shape, and two major theories have been proposed to explain their migration. The first, the so-called cytoskeletal model, postulates a rapid polymerization of actin and formation of actin filaments at the cell's leading edge, with a supportive role of microtubules at the retracting trailing edge (21) . The second somewhat competitive membrane flow model, postulates extension of the leading edge by addition of membrane at the front of the cell and endocytosis of integrins toward the rear of the cell (22) . We have recently demonstrated that heme oxygenase-1 (HO-1) is a potent inhibitor of hematopoietic cell migration and that downregulation of HO-1 enhances the migration of cells, while its overexpression has the opposite effect (23, 24) .
Here, we demonstrate that human lung cancer cell lines as well as primary tumor samples express pituitary SexH receptors. These receptors are functional and may promote migration, adhesion, and proliferation of lung cancer cells. Moreover, priming of human lung cancer cells by pituitary SexHs resulted in enhanced seeding efficiency of injected human cells to bone marrow, liver, and lungs in an immunodeficient mouse model. Finally, the enhanced chemotaxis of human lung cancer cells after stimulation by FSH, LH, and PRL corresponded with downregulation of HO-1 activity in a p38 MAPK-dependent manner, which suggests that modulating HO-1 activity could be of therapeutic value.
Materials and methods
Cell lines. We used several human lung cancer cell lines (obtained from ATCC) including four NSCLC cell lines (A549, HTB177, HTB183, and CRL5803) and two SCLC cell lines (CRL2062 and CRL5853). All NSCLC cell lines were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium containing L-glutamine (GE Healthcare) and 10% heat-inactivated fetal bovine serum (FBS; VWR Life Science Seradigm). Waymouth's MB 752/1 medium containing 10% FBS, was used for cultivation of CRL2062 cells. CRL5853 cells were maintained in dMEM/F12 medium supplemented with 5% FBS, 5 µg/ml insulin, 0.005 mg/ml transferrin, 30 nmol/l sodium selenite (ITS; Lonza, Inc., Allendale, NJ, USA), 10 nmol/l hydrocortisone, 10 nmol/l β-estradiol (both from Sigma-Aldrich, St. Louis, MO, USA), and 4 mmol/l L-glutamine. Penicillin (100 U/ml), and streptomycin (10 µg/ml; Corning) were added to all types of media. These cells were cultured in a humidified atmosphere of 5% CO 2 at 37˚C with change of medium every 48 h. In some experiments, the human ovarian cancer cell line A2780 was cultured in RPMI-1640 medium with 10% FBS under the same atmospheric conditions.
Human lung cancer samples. Lung cancer samples from eight patients suffering from NSCLC were obtained during surgery after informed consent according to the institutional IRB protocol, and the cdNA was extracted for mRNA analysis.
Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was purified from NSCLC and SCLC cells as well as primary lung cancer patients (n=8) using the RNeasy Mini kit after treatment with dNase I (both from Qiagen, Inc.). The purified mRNA was afterwards reverse-transcribed into cdNA using TaqMan Reverse Transcription Reagents (Applied Biosystems/Life Technologies, Foster City, CA, USA). Amplification of synthesized cDNA fragments was carried out using AmpliTaq Gold dNA Polymerase (Applied Biosystems/Life Technologies). The PCR conditions used were 1 cycle of 8 min at 95˚C; 2 cycles of 2 min at 95˚C, 1 min at 60˚C, and 1 min at 72˚C; 40 cycles of 30 sec at 95˚C, 1 min at 60˚C, and 1 min at 72˚C; and 1 cycle of 10 min at 72˚C. The sequence-specific primers employed for amplification were as follows: human follicle-stimulating hormone receptor (hFSHR; sense, 5'-gcttctgagatctgtggaggtt-3' and antisense, 5'-ggacaaacctcagttcaatggc-3'), human luteinizing hormone/choriogonadotropin receptor (hLHCGR; sense, 5'-ccggtctcactcgactatcac-3' and antisense, 5'-tgaggaggttgtcaaaggca-3'), human prolactin receptor (hPRLR; sense, 5'-ctgggctttctgccttactca-3' and antisense, 5'-ttctttagttttgccagggagca-3'). Samples without template controls and reverse transcriptase were used in each run. All primers were designed using the NCBI/Primer-BLAST program, and at least one primer included an exon-intron boundary. Afterwards, all PCR products were analyzed by 2% agarose gel electrophoresis.
Transwell migration assay. After cells were enzymatically dissociated using 0.25% trypsin and rendered quiescent by incubation in appropriate pre-warmed medium supplemented with 0.5% (NSCLCs) or 0.2% (SCLCs) bovine serum albumin (BSA; Sigma-Aldrich) at 37˚C, they were seeded onto the upper chambers of 1% gelatin-coated Transwell inserts containing polycarbonate membranes with an 8-µm pore size (Costar Transwell; Corning Costar, Lowell, MA, USA). The lower Boyden chambers received different concentrations of FSH (0.01-10 mU/ml), LH (0.01-10 mU/ml), or PRL (0.05-5 µg/ml) in serum-free assay medium (650 µl). All of these reagents were purchased from Prospec-Tany TechnoGene, Ltd. (East Brunswick, NJ, USA). The lower chambers containing 10% FBS and 0.5% or 0.2% BSA in appropriate medium served as positive and negative controls, respectively. After a 24-h stimulation at 37˚C, the upper chambers were carefully removed, the cells that had not migrated were removed with a cotton applicator swab from the upper side, and the cells that had transmigrated to the lower side of the membrane were fixed and stained with Hema 3 reagent (PROTOCOL; Thermo Fisher Scientific, Pittsburgh, PA, USA) and then counted using an inverted microscope. In some experiments, the CRL2062 cell line was also evaluated for cell migration toward these SexHs after inhibition or stimulation of HO-1. The cells were exposed to the small-molecule HO-1 inhibitor tin protoporphyrin (SnPP) Ⅸ dichloride (50 µmol/l), the HO-1 activator cobalt protoporphyrin (CoPP) Ⅸ chloride (50 µmol/l) (both from Tocris Bioscience), or vehicle alone for 2 h in serum-free medium. Two hours later, all these cells were washed with PBS and evaluated for migration toward FSH, LH, PRL, or medium alone. The loaded inserts were afterwards carefully removed, and the migrated cells were stained and counted 24 h post-loading. The results are presented as a chemotactic ratio (the number of cells that migrated toward the medium containing test reagents/the number of cells that migrated toward the medium alone x100).
Signal transduction studies. Quiescent cells were stimulated with 0.5% BSA in RPMI-1640 medium, FSH (1 mU/ml), LH (1 mU/ml), or PRL (0.5 µg/ml) for 5 min at 37˚C. Harvested cells were then washed with PBS, treated with RIPA lysis buffer supplemented with protease and phosphatase inhibitors (Santa Cruz Biotechnology, Inc.) for 30 min on ice, and centrifuged at 15,000 rpm at -4˚C for 15 min. The protein concentration was measured using the Pierce BCA Protein Assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA) and Multimode Analysis Software (Beckman Coulter). The concentration-adjusted extracted proteins were then separated on a 4-12% SdS-PAGE gel and transferred to a PVdF membrane (Bio-Rad). All membranes were blocked with 2.5% BSA in Tris-buffered saline containing 0.1% Tween (TBST) for 1 h at room temperature. After washing with TBST, phosphorylation of the intracellular kinase p42/44 mitogen-activated protein kinase (p42/44 MAPK), p38 MAPK, and AKT was detected by incubating the membranes overnight at 4˚C with phospho-specific anti-phospho-p42/44 MAPK (clone no. 9101, diluted at 1:1,000), anti-phospho-AKT (Ser473; clone no. 9271, diluted at 1:1,000) rabbit polyclonal antibodies, and anti-phospho-p38 MAPK (Thr180/Thr182; clone no. 9216, diluted at 1:2,000) mouse monoclonal antibody (Cell Signaling Technology, Inc.). Next, the PVdF membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit or anti-mouse IgG secondary antibodies (1:5,000; Santa Cruz Biotechnology, Inc.) for 2 h at RT. To confirm equal protein loading in all lanes, the blots were stripped using stripping buffer (Thermo Fisher Scientific) and then reprobed with appropriate anti-rabbit p42/44 MAPK (clone no. 9102), anti-rabbit p38 MAPK (clone no. 9212), and anti-rabbit AKT (clone no. 9272) antibodies (all from Cell Signaling Technology, Inc.). All membranes were then treated with enhanced chemiluminescence (ECL) reagent and subsequently exposed to film (Hyperfilm) (both from Amersham/GE Healthcare Life Sciences). For band visualization, an automatic film developer supplied with fresh warm developer and fixer solutions was used.
Expression of HO-1 by western blot analysis. Cells (CRL5853, CRL2062) were cultured with FSH (1 mU/ml), LH (1 mU/ml), or PRL (0.5 µg/ml) in serum-free RPMI-1640 medium for 6 h at 37˚C. The harvested cells were centrifuged and washed with ice-cold PBS. The total protein extracts were collected, and their concentrations were then measured. The concentration-adjusted extracted proteins (70 µg/each sample) were then separated on a 4-12% SdS-PAGE gel and then transferred to a PVdF membrane. Next, the membranes were blocked with 2.5% non-fat dry milk in Tris-buffered saline containing 0.1% Tween (TBST) for 1 h at room temperature. After washing with TBST, the membranes were incubated with rabbit anti-HO-1 polyclonal antibody (diluted at 1:1,000; Enzo Life Sciences, Inc., Farmingdale, NY, USA) overnight at 4˚C. To assure equal protein loading in all the lanes, the blots were then reprobed with rabbit anti-β-actin monoclonal antibody (diluted at 1:1,000; Novus Biologicals, Littleton, CO, USA). All membranes were treated with ECL reagent, and subsequently exposed to film for band visualization.
Adhesion of human lung cancer cells to fibronectin.
Quiescent cells were incubated for 5 h in 0.5% BSA RPMI-1640 medium in a humidified atmosphere of 5% CO 2 at 37˚C. Next, NSCLC (A549, HTB177) and SCLC (CRL2062, CRL5853) cell lines were cultured in 0.5% BSA RPMI-1640 medium, or with FSH (1-10 mU/ml), LH (1-10 mU/ml), or PRL (0.05-5 µg/ml) in medium containing BSA for a 5-min incubation at 37˚C. Cells were then added directly and allowed to adhere to the fibronectin-coated wells (5,000 cells/well) in 96-well plates at 37˚C. The wells were coated first with 70 µl of fibronectin (10 µg/ml; Sigma-Aldrich) overnight at 4˚C and blocked before the experiment with BSA for 2 h at 37˚C. Following incubation of unstimulated and stimulated cells at 37˚C, the plates were vigorously washed three times with PBS, and the adherent cells were counted under an inverted microscope. The results are presented as an adhesion ratio (the number of adherent cells stimulated with SexHs/the number of adherent unstimulated cells x100).
Cell proliferation. Cells were cultured in 24-well plates (CELLSTAR; Greiner Bio-One) in RPMI-1640 culture medium containing 0.5% (NSCLCs) or 0.2% (SCLCs) BSA for 72 h at an initial density of 1.25x10 4 
cells/well (NSCLCs) or 6x10
4 cells/well (SCLCs) in the presence or absence of FSH (1 mU/ml), LH (1 mU/ml), or PRL (0.5 µg/ml). RPMI-1640 medium containing 0.5% or 0.2% BSA was used as a negative control, while the full medium containing 10% FBS was treated as a positive control. The cell number was calculated directly after cell seeding (0 h) as well as 24, 48, and 72 h after addition of the stimulants. At these time points, the cells were harvested from the wells and counted using FACS.
Quantitative real-time PCR (RT-qPCR).
RT-qPCR was performed to detect and quantify relative levels of HO-1 mRNA in human lung cancer cells stimulated in vitro with FSH (1 mU/ml), LH (1 mU/ml), or PRL (0.5 µg/ml) in serum-free medium for 6 h at 37˚C. The purified RNA was reverse-transcribed with MultiScribe Reverse Transcriptase, oligo(dT), and a random hexamer primer mix (all from Applied Biosystems/Life Technologies). Quantitative evaluation of the target gene was then performed by using an ABI PRISM 7500 Sequence detection System (Applied Biosystems/Life Technologies) with Power SYBR-Green PCR Master Mix reagent and specific primers (hHO-1 sense, 5'-gggtgatagaagaggccaagact-3' and antisense, 5'-agctcctgcaactcctcaaga-3'). The PCR cycling conditions were 95˚C (15 sec), 40 cycles at 95˚C (15 sec), and 60˚C (1 min). According to the melting point analysis, only one PCR product was amplified under these conditions. The relative quantity of a target gene, normalized to the β2-microglobulin gene as the endogenous control and relative to a calibrator, was expressed as 2 -ΔΔCt (fold difference), where Ct is the threshold cycle, ΔCt = (Ct of target genes) -(Ct of the endogenous control gene, β2-microglobulin), and ΔΔCt = (ΔCt for target gene in test sample) -(ΔCt for target gene in calibrator sample).
In vivo transplant into immunodeficient mice. The care and use of mice was carried out in accordance with the guidelines provided by the Institutional Animal Care and Use Committee of the University of Louisville, which conform to the Guide for the Care and Use of Laboratory Animals (department of Health and Human Services, NIH publication no. 86-23). Prior to in vivo transplantation, CRL2062 and CRL5853 cells (10x10 5 per mouse) were treated ex vivo with vehicle only, FSH (1 mU/ml), PRL (0.5 µg/ml), or CoPP Ⅸ chloride, a small-molecule HO-1 activator (50 µmol/l; Tocris Bioscience), for 2 h at 37˚C. In parallel, cells were also pre-treated with SB203580, a p38 MAPK inhibitor (20 µmol/l), for 6 h and were afterwards subjected to FSH or PRL for a further 2-h incubation at 37˚C. All cells were then washed and transplanted into severe combined immunodeficient (SCID)/beige inbred mice (n=3 per group), which were initially irradiated with 350 cGy 24 h before transplantation. At 48 h post-transplantation, bone marrows, livers, and lungs were collected, and the presence of metastasized cancer cells (i.e., murine-human chimerism) was evaluated as described (25) . Briefly, genomic DNA was purified from organs using the QIAamp dNA Mini kit (Qiagen, Inc.). Next, detection of human α-satellite and murine β-actin dNA levels ser473 in both NSCLC and SCLC cell lines was evaluated by western blot analysis. These cells were rendered quiescent by incubation for 6 h in RPMI-1640 medium containing 0.5% BSA at 37˚C, and afterwards the protein lysates were harvested after a 5-min stimulation with FSH (1 mU/ml), LH (1 mU/ml), PRL (0.5 µg/ml), or serum-free medium containing vehicle. The experiment was performed twice with similar results, and representative blots are shown. SexH, sex hormone; FSHR, FSH receptor; LHR, LH receptor; PRLR, PRL receptor; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; RT-PCR, reverse transcription-polymerase chain reaction; FSH, follicle-stimulating hormone; LH, luteinizing hormone; PRL, prolactin; p42/44 MAPK, p42/44 mitogen-activated protein kinase; BSA, bovine serum albumin.
was carried out using real-time PCR and the ABI PRISM 7500 Fast Sequence detection System (Applied Biosystems/Life Technologies). A 25-µl reaction mixture containing 12.5 µl SYBR-Green PCR Master Mix, 300 ng dNA template, and specific primers (α-satellite DNA sense, 5'-ACCACTCTG TGTCCTTCGTTCG-3' and antisense, 5'-ACTGCGCTCTCA AAAGGAGTGT-3'; β-actin DNA sense, 5'-TTCAATTCCA ACACTGTCCTGTCT-3' and antisense, 5'-CTGTGGAGT GACTAAATGGAAACC-3') was used. Real-time PCR conditions for the amplification process were as follows: 95˚C (15 sec); 40 cycles at 95˚C (15 sec); and 60˚C (1 min). Samples without template controls were used in each run, and the ΔCt values were determined. For each cell line, the number of human cells present in the murine organs (the degree of chimerism) was calculated according to a standard curve generated by mixing different concentrations of human cells with a constant number of murine cells in a linear manner.
Data analysis. Statistical analysis was carried out using GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA). All data are presented as means ± Sd. Statistical analysis of the data was done using one-way ANOVA and Tukey's test for post hoc pairwise multiple comparison. In all analyses p≤0.05 and p≤0.01 were considered significant.
Results

Human lung cancer cell lines express functional pituitary SexH receptors.
We employed RT-PCR analysis to evaluate the expression of SexH receptors in four human NSCLC cell lines (A549, HTB177, HTB183, and CRL5803) and two SCLC cell lines (CRL2062 and CRL5853) and found that all these cell lines express FSH receptor (FSHR), PRL receptor (PRLR), and LH receptor (LHR) (Fig. 1A) . We also found that in human lung cancer cell lines all these receptors responded to stimulation from pituitary SexHs by phosphorylation of p42/44 MAPK and AKT (Fig. 1B) . Expression of these receptors was subsequently confirmed by immunofluorescence staining (data not shown).
Similarly, we were able to detect FSHR and PRLR mRNA in all eight patient NSCLC samples, and in four out of eight patients we also detected the expression of LHR mRNA (Fig. 2) . 
Effect of pituitary SexHs on proliferation, migration, and adhesion of human lung cancer cell lines.
To study the effect of pituitary SexHs on proliferation of lung cancer, we exposed lung cancer cell lines to FSH, LH, or PRL in serum-free medium supplemented with 0.5% BSA (Fig. 3) . We found that one NSCLC cell line (HTB183) responded to stimulation by LH and FSH and that CRL2062, which is a SCLC cell line, responded to PRL or LH by proliferation, while another SCLC cell line (CRL5853) responded to all pituitary SexHs tested in our study.
In Transwell chemotaxis assays we found that lung cancer cell lines, to different degrees, responded to pituitary SexH gradients (Fig. 4) . When we employed FSH as a chemoattractant, we observed a chemotactic response for three NSCLC Figure 4 . Pituitary SexHs stimulate the chemotaxis of human NSCLC and SCLC cell lines. Chemotaxis of NSCLC and SCLC cells through Transwell membranes (8-µm pore size) coated with 1% gelatin toward different concentrations of FSH (0.01-10 mU/ml), LH (0.01-10 mU/ml), or PRL (0.05-5 µg/ml) was assessed. Before stimulation, cells were enzymatically dissociated by digestion with 0.25% trypsin and then rendered quiescent by incubation for 3 h in serum-free medium at 37˚C. All cell lines were also evaluated for migration in response to 10% FBS and medium containing BSA as a positive and negative control, respectively. Twenty-four hours post-stimulation, loaded inserts were carefully removed, and the migrated cells were afterwards stained and counted using an inverted microscope. Data are extracted from at least triplicate samples from three independent experiments. Significance levels: * p≤0.05, ** p≤0.01 vs. control (untreated) cells. SexHs, sex hormones; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; FSH, follicle-stimulating hormone; LH, luteinizing hormone; PRL, prolactin; FBS, fetal bovine serum; BSA, bovine serum albumin.
cell lines (A549, HTB183, and CRL5803) and both SCLC cell lines (CRL2062, CRL5853). A significant responsiveness to LH was observed for the NSCLC cell lines HTB177, HTB183, and CRL5803 and both SCLC cell lines (CRL2062, CRL5853). Chemotactic responsiveness to PRL was particularly visible for both SCLC cell lines (CRL2062, CRL5853) as well as for A549, HTB177, and CRL5803 NSCLC cell lines.
In an adhesion assay (Fig. 5) , we observed that pituitary SexHs, depending on the type of hormone and its dose, enhanced the adhesion of lung cancer cells to fibronectin-coated plates. The only exception was a non-significant effect of LH on the adhesion of HTB177 cells.
HO-1 is a negative regulator of lung cancer cell migration.
We recently reported that HO-1 is a negative regulator of the migration of non-adherent cells and that the activity of HO-1 is regulated by p38 MAPK, which is a negative regulator of HO-1 expression (unpublished data). Here we asked whether the positive effect of pituitary SexHs on the migration of lung cancer cells could be explained by the downregulation of HO-1 and, based on the findings cited above, whether it corresponds with the upregulation of p38 MAPK.
To address this issue we stimulated both SCLC cell lines (CRL2062 and CRL5853), which respond robustly by chemotaxis to pituitary SexHs, and observed that FSH, LH, and PRL downregulate HO-1 expression in these cells, both at the mRNA and protein levels ( Fig. 6A and B) . Based on these findings, we exposed CRL5853 cells to FSH, LH, and PRL gradients to a small-molecule inhibitor (SnPP) and stimulator (CoPP) of HO-1 before chemotaxis (Fig. 6C) . We found that, while the downregulation of HO-1 activity by SnPP enhanced the migratory response of lung cancer cells, an increase in HO-1 activity after exposure to CoPP led to a decrease in the migratory potential of these cells. This result demonstrated that HO-1 negatively regulates migration not only for non-adherent cancer cells, as we demonstrated previously (23, 24) , but also for adherent cancer cells. Moreover, a decrease in HO-1 activity after Figure 5 . Pituitary SexHs promote the adhesiveness of human lung cancer to fibronectin. Adhesion of NSCLC (A549, HTB177) and SCLC (CRL2062, CRL5853) cells to fibronectin-coated surfaces in response to FSH (1-10 mU/ml), LH (1-10 mU/ml), or PRL (0.05-5 µg/ml). Quiescent cells (5,000 cells/100 µl) were stimulated in medium containing BSA for a 5-min incubation at 37˚C. After the non-adherent cells were removed via three consecutive washes with PBS, the number of adherent cells was directly scored by microscopic analysis. Cells were also evaluated for adhesion toward RPMI-1640 medium, with BSA as a negative control. data are extracted from at least triplicate samples from three independent experiments. In all experiments, the negative control values are normalized to 100%. Data are displayed as means ± SD, with a statistical significance * p≤0.05 between cells exposed to SexHs vs. control (unstimulated) cells. SexHs, sex hormones; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; FSH, follicle-stimulating hormone; LH, luteinizing hormone; PRL, prolactin; BSA, bovine serum albumin.
stimulation by SexH receptors correlated with upregulation of p38 MAPK (Fig. 8A) .
Priming of lung cancer cells with pituitary SexHs enhances their in vivo seeding efficiency, and the stimulation of HO-1 by CoPP reverses this effect.
To address the role of the in vivo effect of pituitary SexHs on the metastasis of lung cancer cells, we exposed both SCLC cell lines to FSH or PRL, and after incubation the cells were injected i.v. into immunodeficient NOd/SCId mice. Fig. 7 shows that the incubation of tumor cells before injection with FSH or PRL enhanced the seeding efficiency of lung cancer cells into bone marrow, liver, and lung.
Finally, we repeated this experiment with CRL2062 cells with the modification that, before priming with FSH or PRL, the cells were exposed to the small-molecule HO-1 activator CoPP or the small-molecule p38 MAPK inhibitor SB203580 (Fig. 8B) . By upregulating HO-1 activity, both strategies decreased the seeding efficiency of lung cancer cells to the BM, liver, and lungs of immunodeficient mice.
Discussion
Evidence has accumulated that several types of malignancies share certain markers with germ cells and respond to stimulation by SexHs (1, (4) (5) (6) . In support of this connection, some tumors express pluripotency markers (e.g., Oct-4), secrete carcinoembryonic antigen (CEA), express cancer-testis antigens (CTAs), and respond by proliferation after stimulation RT-qPCR analysis of mRNA human HO-1 transcripts in mRNA samples purified from CRL5853 (left) and CRL2062 (right) cell lines cultured with FSH (1 mU/ml), LH (1 mU/ml), or PRL (0.5 µg/ml) in serum-free medium for 6 h at 37˚C. β2-microglobulin was used as an endogenous control. Samples containing only water instead of cdNA were used in each run as a negative control. * P≤0.05 is considered statistically significant between cells exposed to SexHs vs. unstimulated cells. (B) Western blot analysis of human HO-1 in protein lysates collected from CRL5853 and CRL2062 cell lines (70 µg per sample). After incubation of cells with these hormones at the doses indicated above, the protein was immediately extracted and afterwards quantified using the Pierce BCA Protein Assay kit and Multimode Analysis Software. In parallel, β-actin was also analyzed to ensure the equality of loading. Proteins extracted from cells cultured in assay medium only served as a control. (C) Chemotaxis of the CRL2062 cell line was also evaluated after inhibition or stimulation of HO-1 by incubation of cells with SnPP (50 µmol/l) or CoPP (50 µmol/l), respectively, in serum-free medium. Two hours later, the cells were then washed with PBS and evaluated for migration toward medium alone, FSH, LH, or PRL. The loaded inserts were afterwards carefully removed, and the migrated cells were stained and counted using an inverted microscope 24 h post-loading. Data are extracted from at least duplicate samples from three independent experiments. Significance is indicated by * p≤0.05, where p represents the statistical difference in migration between treated and untreated cells. SexHs, sex hormones; HO-1, heme oxygenase-1; RT-qPCR, quantitative real-time PCR; FSH, follicle-stimulating hormone; LH, luteinizing hormone; PRL, prolactin; SnPP, tin protoporphyrin; CoPP, cobalt protoporphyrin.
by both pituitary and gonadal SexHs (26) (27) (28) (29) (30) . Interestingly, it has been reported that human lung cancer cells may express Oct-4, CEA, as well as several CTAs, including Sp17, PTTG1, and AKAP-4, at the protein level. However, it is known that the expression of these markers may vary between histological subtypes of lung cancer (SCLC vs. NSCLC).
We became interested in the question of whether human lung cancer cell lines express pituitary SexH receptors and whether they respond to stimulation by FSH, LH, or PRL. The lung cancer cell lines investigated in this study as well as tumor cells from lung cancer patients all express pituitary SexH mRNAs. Moreover, studies performed with human cancer cell lines demonstrated that these receptors are functional. What is intriguing, some of the lung cancer cell lines responded to SexHs by enhanced proliferation. This observation suggests that pituitary SexH therapy should be avoided in lung cancer patients, even if they have achieved stable remission. Based on our results, there is a risk that such treatment could activate dormant cancer cells.
There is another important question related to this topic. One could ask whether elevated SexH levels could contribute to lung cancer development as has been postulated in other types of malignancies such as breast or ovarian cancer (1, 31) . Lung cancer incidence increases with age, and it is well known that the FSH level also increases with age as a compensatory feedback loop in response to a decrease in gonadal function (12, 14) . However, this hypothetical causal relationship requires more direct experimental evidence and well-designed epidemiological studies. On the other hand, while SCLC cells may produce some hormones ectopically as part of the endocrine paraneoplastic syndrome, they usually secrete other hormones such as adrenocorticotropic hormone (ACTH) or PTH (9,32). Thus, the effect of SexHs on lung cancer cell growth seems not to be autocrine but rather of an endocrine nature.
We also found that, in addition to pro-proliferative effects, pituitary SexHs chemoattract lung cancer cells and increase their adhesion. These results are supported by clinical observations showing that lung cancer cells may metastasize to PRL-producing pituitary adenomas (33, 34) . In fact, in our studies PRL was the most potent of all pituitary SexHs in chemottracting SCLC cells. Additional evidence supporting a pro-metastatic effect of pituitary SexHs on lung cancer cells are in vivo results showing that a short exposure of these cells ex vivo to pituitary SexHs enhances their seeding efficiency in BM, liver, and lung in an immunodeficient mouse model.
Lung cancer cells may respond by chemotaxis to several factors; therefore, an anti-metastatic strategy to block only one type of receptor would be of very limited benefit. Thus, while designing an anti-metastatic strategy, it is more important to look for a molecular target that is employed by other pro-metastatic factors (e.g., chemokines or certain pro-metastatic growth factors). To address this issue, we have recently determined that upregulation of the stress-induced enzyme HO-1 is an efficient method for inhibiting cell migration (23, 24) . In support of this finding in the current study, the enhanced chemotaxis of lung cancer cell lines in response to FSH, LH, and PRL gradients corresponded with decreases in HO-1 activity. Based on this observation, we tested CoPP, a small-molecule stimulator of HO-1, as a means to inhibit migration of lung cancer cells in both in vitro and in vivo models and found that exposure to CoPP significantly inhibited the trafficking of lung cancer cells.
This strategy has an obvious advantage, since upregulation of HO-1 in tumor cells will simultaneously decrease their migratory responsiveness to other pro-metastatic factors besides SexHs, such as SdF-1 or HGF/SF. Moreover, since HO-1 is positively regulated in a p38 MAPK-dependent manner, we also employed SB203580, a small-molecule inhibitor of p38 MAPK, and observed a similar anti-metastatic effect. Therefore, we believe that our observations generated with CoPP and SB203580 are highly relevant for developing new anti-metastatic strategies.
These investigations also have another implication. Namely, since pituitary SexH receptors are expressed by cells from the germ lineage beginning at the very early stages of embryogenesis (35, 36) , and, as demonstrated in this study, lung cancer cells also express pituitary SexH rec eptors, there may be a developmental link between these cells, as suggested at the beginning of this section. Interestingly, 150 years ago Virchow (37) and Cohnheim (38) proposed that some malignancies develop from dormant embryonic or germ cells residing in adult tissues. We have recently reported the existence of very small embryonic-like stem cells (VSELs), which activator CoPP (50 µmol/l) for 2 h at 37˚C. In parallel, cells were also pre-treated with SB203580, a p38 MAPK inhibitor (20 µmol/l), for 6 h and subsequently subjected to FSH (1 mU/ml) or PRL (0.5 µg/ml) for a further 2 h. Forty-eight hours after in vivo transplantation into irradiated immunodeficient (SCID)/beige inbred mice (1x10 6 cells/mouse), the organs were harvested, and detection and quantification of the human cells were then analyzed by RT-qPCR. Significance levels are indicated by * p≤0.05, ** p≤0.01 vs. untreated cells (vehicle only). SexHs, sex hormones; HO-1, heme oxygenase-1; BSA, bovine serum albumin; FSH, follicle-stimulating hormone; LH, luteinizing hormone; PRL, prolactin; CoPP, cobalt protoporphyrin; SCID, severe combined immunodeficient; RT-qPCR, quantitative real-time PCR.
express several embryonic/germline markers residing in adult tissues, including lung tissue (27, (39) (40) (41) . One can speculate that these or closely related cells could theoretically be the source of some tumors. In support of this possibility, VSELs express several SexH receptors as well as genes involved in primordial germ cell development (35, 36, 39, 41) . This working hypothesis, however, requires more experimental evidence.
Finally, it is well known that the persistent activation of the hypothalamic-pituitary-adrenal (HPA) axis as seen for example in the chronic stress response and in depression may impair the immune response and contribute to the development and progression of some types of cancer (42) . Our data indicate that in endocrine system in addition to ACTH also SexH may play an important role. Based on this, more study is needed on the bidirectional communication between the endocrine and immune systems for the development of a new clinical and treatment strategies.
In conclusion, lung cancer cells are responsive to pituitary SexH stimulation, and these hormones may play an important role in lung cancer progression and metastasis. However, more experimental work is needed to see whether an increased level of pituitary SexHs with age correlates with a predisposition to lung cancer development. Finally, we propose that upregulation of HO-1 and downregulation of p38 MAPK by small-molecule modulators may provide the basis for new anti-metastatic strategies for lung cancer patients.
